In oral mucositis, cleavage product-1 of RNA-binding protein HuR regulates cell death. Results: Activation of caspases initiates HuR cleavage modification and stabilizes BAX, thereby promoting apoptosis in oral mucositis. Conclusion: Inhibition of caspases reduced the severity of oral mucositis through HuR and the expression of BAX. Significance: This is the first study implicating the RNA-binding protein HuR in oral mucositis. . 2 The abbreviations used are: IR, ionizing radiation; H&E, hematoxylin and eosin; HuR-CP1, Hu antigen R cleavage product-1; HuR-D226A, noncleavable isoform of HuR; ARE, AU-rich elements; Gy, gray; qPCR, quantitative PCR; HOK, human oral keratinocyte; RNP, ribonucleoprotein; IP, immunoprecipitation; z-vad, benzyloxycarbonyl; BAX, Bcl-2-associated X protein; MnSOD, mitochondrial superoxide dismutase.
The oral mucosal epithelium is typically insulted during chemotherapy and ionizing radiation (IR) therapy and disposed to mucositis, which creates painful inflammation and ulceration in the oral cavity. Oral mucositis alters gene expression patterns, inhibits cellular growth, and initiates cell death in the oral epithelial compartments. Such alterations are governed by several different factors, including transcription factors, RNA-binding proteins, and microRNAs. IR-induced post-transcriptional regulation of RNA-binding proteins exists but is poorly studied in clinically relevant settings. We herein report that the RNAbinding protein human antigen R (HuR) undergoes cleavage modification by caspase-3 following IR-induced oral mucositis and subsequently promotes the expression of the pro-apoptotic factor BAX (Bcl-2-associated X protein), as well as cell death. Further analyses revealed that the HuR cleavage product-1 (HuR-CP1) directly associates and stabilizes the BAX mRNA and concurrently activates the apoptotic pathway. On the other hand, a noncleavable isoform of HuR promotes the clonogenic capacity of primary oral keratinocytes and decreases the effect of IR-induced cell death. Additionally, specific inhibition of caspase-3 by a compound, NSC321205, increases the clonogenic capacity of primary oral keratinocytes and causes increased basal layer cellularity, thickened mucosa, and elevated epithelial cell growth in the tongues of mice with oral mucositis. This protective effect of NSC321205 is mediated by a decrease in caspase-3 activity and the consequent inhibition of HuR cleavage, which reduces the expression of BAX in mice with IR-induced oral mucositis. Thus, we have identified a new molecular mechanism of HuR in the regulation of mRNA turnover and apoptosis in oral mucositis, and our data suggest that blocking the cleavage of HuR enhances cellular growth in the oral epithelial compartment.
Oral mucositis is a side effect of cancer treatment and frequently occurs in patients with head and neck squamous cell carcinoma who have been treated with chemo-and radiation therapy directed at the oral cavity (1) . It is characterized by the complete breakdown of the epidermis and mucosal epithelia and ulcerative lesions that result in the restriction of oral intake and, most importantly, provide sites for secondary infection and microbial entry portals (2) (3) (4) . Mucositis limits the ability of patients to tolerate optimal anti-cancer treatment modalities, thereby compromising cancer therapy outcomes and patient survival (2) . Several drugs are known to reduce the severity of mucositis (2) , but drugs such as palifermin or intravenous injection of human recombinant keratinocyte growth factor are commonly used to reduce the severity of mucositis (5) . Moreover, indirect damage to normal oral epithelial tissues during cancer radiotherapy is considered significant and still remains a major issue (6) . Therefore, the healthcare cost associated with mucositis is substantially high (7) . Hence, accurate diagnosis and therapeutic interventions for oral mucositis after the initiation of cancer treatment are important.
Apoptosis is considered an important constituent of chemoradiation-induced mucosal injury (2) , but the magnitude of apoptosis in oral mucositis has not been well defined. Both chemo-and radiotherapy damage the mucosal lining and cause apoptosis (2) . Ionizing radiation (IR) 2 activates several transduction pathways that activate transcription factors such as p53 and nuclear factor B (NF-B) (8) . Interestingly, NF-B activation leads to activation of the expression of both pro-apoptotic and anti-apoptotic genes that are significant factors in determining the fate of normal tissues following radiation or chemotherapy (8) . All of these sequential events induce apoptosis by the activation of the pro-apoptotic factor BAX (Bcl-2-associ-ated X protein) (9) , resulting in mucositis. On the other hand, radiotherapy is capable of causing apoptosis in submucosal fibroblasts, which precedes epithelial injury (10) . The activation of apoptosis in the mucosal epithelium appears to be linked with caspase-3 activity in fibroblasts (11) . Both caspase-3 and BAX are known to be critical mediators of apoptosis in mammalian cells (12, 13) . BAX is predominantly present in the cytosol of normal cells, but it translocates to the mitochondria following DNA damage and triggers caspase activation, resulting in apoptosis (14, 15) . Thus, activation of BAX in association with caspase activity is a serious consequence leading to IRinduced apoptosis.
Mammalian Hu antigen R (HuR) is an essential and ubiquitous member of the embryonic lethal abnormal vision/Hu family of RNA-binding proteins and plays a central role in the regulation of cell growth and cancer progression (16) . In contrast, HuR promotes cells to undergo differentiation and senescence, thereby exiting the proliferative cell pool (17) . In particular, HuR promotes the stability of mRNAs encoding pro-survival proteins in a variety of cells (18) . HuR regulates both pro-and anti-apoptotic functions by controlling the stability of target mRNAs (19 -21) . Under various stress conditions, including ionizing radiation, HuR undergoes post-translational modification and regulates mRNA turnover (22) . These post-translational modifications include cleavage of HuR by the activation of caspase-3, and these HuR cleavage products increase the apoptotic response and associate with the AU-rich regions of the mRNA (23, 24) . Although the functions of HuR have been extensively studied for cell proliferation, few of the apoptosisrelated functions have been identified. A recent report revealed that HuR shifts its role from pro-survival to the cell death pathway during the cell response to severe stress (24) . Although the balance between shifting HuR functions from survival to cell death is known, its physiological significance under diseased condition is remains elusive. We thus hypothesized that IR induces the post-translational modification of HuR and in turn controls the expression of AU-rich elements (AREs) containing pro-apoptotic mRNAs during the development of oral mucositis. Here we report that HuR undergoes cleavage, and the cleavage product-1 of HuR (HuR-CP1) promotes the stability of the pro-apoptotic BAX mRNA, both in vitro and in vivo. A recently characterized small molecular compound NSC321205, known to be an allosteric inhibitor of caspases (25) , inhibits caspase-3 activation after IR, thereby repressing the cleavage of HuR and reducing the rate of apoptosis both in vitro and in vivo. These observations compelled us to examine whether IR-induced oral mucositis has any effect on the cleavage of HuR and whether the subsequent inhibition of caspase-3 activity could alleviate oral mucositis.
MATERIALS AND METHODS
Cell Lines, Constructs, and Transfection Experiments-Normal HOKs (ScienCell) were grown in keratinocyte serum-free medium supplemented with bovine pituitary extract and EGF (Invitrogen). GFP plasmid vectors containing GFP, HuR-FL, HuR-D226A, and HuR-CP1 (a kind gift from I. Gallouzi, McGill University) were used as described (26) . Plasmid transfections were performed using Lipofectamine (Invitrogen). For HuR knockdown analysis, cells were transfected with siRNAs (20 nM) in keratinocyte serum-free medium. Subsequently, either the control siRNA (20 nM; GTTCAATTGTCTACAGCTA) or siRNAs targeting HuR (20 nM; mixture of the siRNA oligonucleotides AATCTTAAGTTTCGTAAGTTA, TTCGTAAGT-TATTTCCTTTAA, and AGTGCAAAGGGTTTGGCTTT) (27) were used for the experiments. siRNA transfections were carried out using HiPerFect (Qiagen).
Experimental Animals-Eight-week-old female C57 Black/6 (The Jackson Labaratory) mice were used for the study. All aspects of animal research were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Medical University of South Carolina.
Animal Irradiation-The head and neck area was irradiated by placing each animal in a specially built Lucite jig (Precision X-ray, New Haven, CT) to avoid anesthetics, as described (28) . The jig was fitted with a Lucite cone surrounding the head to prevent head movement during radiation. Fractionated doses of irradiation at (8 Gy/day for 5 days) were delivered by a JL Shepherd model 143 137 Cesium irradiator. An associated adapter was used to expose each animal. The irradiator produces an unshielded exposure rate of 2.35 Gy/min. After irradiation, the animals were removed from the jig, housed in a climate-and light-controlled environment, and allowed free access to food and water.
Demonstration of Mucositis-Oral mucositis was demonstrated as previously described (29) . Briefly, excised tongues were stained in a solution of 1% toluidine blue in 10% acetic acid, rinsed with 1% acetic acid, and then rinsed with the tap water. Ulceration in the tongue is visible as a blue color after staining. Macroscopic images were recorded using National Institutes of Health ImageJ software, and the stained areas were measured in pixels. Increased toluidine blue staining and a change in epithelial thickness were used as markers of oral mucositis (28) .
Apoptosis Assays-The annexin V-EGFP cell apoptosis assay was performed according to the manufacturer's protocol (Biovision). Fluorescence was measured using a FACSCalibur flow cytometer (BD Biosciences).
Immunohistochemistry, Immunofluorescence, and Western Blot Analysis-Three-micron tongue tissue sections were stained with hematoxylin and eosin (H&E) and examined microscopically. Immunohistochemical analyses for TUNEL, caspase-3, and HuR were performed as described previously (23) . Briefly, deparaffinized sections were processed for TUNEL staining using the ApopTag TUNEL kit (Chemicon S7110) following the manufacturer's instructions. The sections were further labeled with anti-mouse HuR (Santa Cruz) or anticaspase-3 (Cell Signaling) primary antibodies overnight at 4°C, secondary antibodies (anti-mouse Alexa Fluor 647 or anti-rabbit Alexa Fluor 555, both from Invitrogen) for 1.5 h at room temperature and mounted in DAPI mounting medium (Prolong; Invitrogen 36935). The sections were imaged using a 1X81 confocal microscope (Olympus) and processed using Photoshop. For immunofluorescence, HOK cells were grown on coverslips overnight and treated as previously reported (23) using the following antibody dilutions: anti-HuR, 1:300 and anti-␤-actin, 1:100 (Santa Cruz). For Western blotting, protein extracts (40 -60 g) were resolved by SDS-PAGE and transferred onto PVDF membranes. Immune complexes were visualized using the ECL system (Pierce). Blots were stripped and reprobed with anti-␤-actin antibody (Sigma).
RNA Extraction and qPCR-Total RNA was prepared from tongue tissues and HOK cells using the RNeasy mini kit (Qiagen). qPCR for all mRNA targets was performed using an Applied Biosystems StepOne Plus system with the TaqMan one-step RT-PCR kit (Applied Biosystems). The primer sequences (5Ј-3Ј) used in this study are shown in Table 1 .
HuR and GFP ribonucleoprotein (RNP) IP Analysis-HuR RNP IP was performed as previously described (30) . Briefly, cell lysates were prepared from exponentially growing HOK cells that had been treated with IR or left untreated as a control. Equal amounts of protein were used (100 -300 g). HuR monoclonal antibody 3A2 (Santa Cruz), GFP antibody (Clontech), or isotype control IgG (Sigma) were precoated onto protein A/G-Sepharose beads. Lysates were preabsorbed with IgG (30 g) and then removed by the addition of protein A/G-Sepharose beads. Individual pulldowns were performed at 4°C for 1-2 h to minimize the potential reassortment of mRNAs. For RNA analysis, the beads were incubated with 1 ml of NT2 buffer containing 20 units of RNase-free DNase I (15 min, 30°C), washed twice with 1 ml of NT2 buffer, and further incubated in 1 ml of NT2 buffer containing 0.1% SDS and 0.5 mg/ml proteinase K (15 min, 55°C) to digest the proteins bound to the beads. RNA was extracted using phenol and chloroform and precipitated in the presence of glycogen. For the analysis of individual mRNAs, the RNA isolated from the immunoprecipitate was subjected to RT using random hexamers and SuperScriptII reverse transcriptase (Invitrogen). Amplification and quantification of the PCR products were performed using the Applied Biosystems StepOne Plus system (Applied Biosystems) and Power SYBR Green PCR Master Mix (Applied Biosystems). Input GAPDH mRNA was used as a loading control.
Statistics-The data are expressed as the means Ϯ standard deviation. Two-sample t tests with equal variances were used to assess differences between the means. Results with p values less than 0.05 and 0.01 were considered significant.
RESULTS

IR-induced Activation of Caspase-3 Promotes Cleavage of HuR in Normal Oral Keratinocyte Cells Compared with Oral
Cancer Cells-Cancer regimens, such as chemotherapy and radiotherapy, alter protein expression patterns and influence gene expression in mammalian cells. For instance, HuR controls the stability of target mRNAs that encode proteins that promote both growth and apoptosis and thus is influenced by both ionizing radiation (22) and chemotherapeutic treatments (31) . Previously, we have shown that surgically removed human tongue tissues obtained after chemo-or radiotherapy showed significant cleavage of HuR in adjacent to normal tissues compared with cancer tissues (23) . In addition, oral cancer cells subjected to chronic hypoxic stress exhibit activation of caspase-3, which promotes the cleavage of HuR (23) . To further establish how HuR cleavage occurs in normal and cancer cells, we asked whether IR can induce apoptosis and HuR cleavage in normal primary human oral keratinocytes (HOKs) and UM74B oral cancer cells. First, we treated both cell lines with 16 Gy IR and studied the cleavage of HuR in a time-dependent manner. As shown in Fig. 1A , cleavage of HuR in normal HOKs began after 15 min of IR treatment and considerably cleaved at 2 h. In contrast, oral cancer cells required a minimum of 12 h to trigger HuR cleavage ( Fig. 1A, right panel) , whereas 12 h after IR, normal cells had completely undergone cell death (data not shown) and were unable to produce sufficient amounts of protein for detection. These observations suggest that HuR is cleaved in normal cells more readily than in cancer cells. Second, HuR was localized in the nucleus of HOK cells under normal conditions, whereas within 2 h after IR treatment, it was exported to the cytoplasm (Fig. 1B) . In contrast, lethal stress was required to induce the export of HuR from the nucleus to the cytoplasm in oral cancer cells (23) . Thus, nuclear export and cleavage of HuR is cell-specific and highly dependent on physiological stress conditions. Third, caspase-3 is known to induce the cleavage of HuR (23, 26) ; therefore, we investigated whether the cleavage of HuR in HOK cells after radiation is dependent on caspase-3 activity. We have observed an increased activity of caspase-3 during the cleavage of HuR (Fig. 1C ), and activity of caspase-3 and HuR cleavage were both abolished by the addition of the caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp (z-VAD) ( Fig. 1D ). This observation demonstrates that HuR cleavage is dependent on the activity of caspase-3 under IR. Interestingly, increased expression of pro-apoptotic factor BAX is observed during active cleavage of caspase-3 and HuR ( Fig. 1C; right panel depicts the quantitative information of both HuR cleavage product-1 and BAX). Inhibition of caspase-3 with z-VAD also reduces the expression of BAX under IR ( Fig. 1D ). These observations suggest that IR promotes cleavage of both caspase-3 and HuR and concurrently increases the expression of BAX. Finally, to confirm whether IR-treated cells promote apoptosis, we quantified the percentage of annexin V/propidium iodide-positive cells using flow cytometry. IR treatment significantly increased the number of annexin V-positive cells compared with untreated control cells ( Fig. 1E ). Taken together, our data indicate that IR induces the nuclear export and cleavage of HuR in association with activation of caspase-3 and expression of BAX in HOK cells. IR-induced HuR Influences Steady-state Levels of BAX mRNA-To investigate whether IR-induced changes directly influence the targeting of ARE-containing mRNAs by HuR, we first ana-lyzed known HuR target transcripts that are altered during IR (22) using RT-qPCR and examined alterations in their abundance in HOK cells. We observed increased expression of mRNAs encoding MDM2 (murine double minute protein-2; p Ͻ 0.05), BCL2L11 (Bcl-2-like protein 11), and BAX (p Ͻ 0.01) and no change in BAG5 (Bcl-associated athanogene 5) and BAD (Bcl-associated death promoter) after radiation ( Fig. 2A , right panel), compared with untreated HOK cells. To confirm that the amounts of ARE mRNAs are directly controlled by HuR under IR induction; we analyzed their expression levels after knockdown of HuR using RT-qPCR. As shown in Fig. 2B , under IR, the quantity of BAX is significantly (p Ͻ 0.05) reduced in HuR knockdown cells compared with control siRNAtransfected cells. We did not see significant changes in the levels of other mRNA species. Thus, following IR, either HuR or its cleavage product controls the expression of BAX mRNA. Next, to investigate whether HuR influences the steady-state levels of target mRNAs, we examined the half-lives (t1 ⁄ 2 ) of BAX and BAG5 mRNA after IR. The mRNA quantities of BAX and BAG5 in untreated and IR-treated HOK cells were measured by RT-qPCR at 0-, 1-, 2-, and 4-h time points after actinomycin D treatment, and the half-life (t1 ⁄ 2 ) of the mRNA was calculated. The t1 ⁄ 2 of the BAX mRNA was 2.2 h in untreated HOK cells and increased to more than 4 h in IR-treated HOK cells ( Fig. 2C ). However, we did not see a dramatic change in the stability of BAG5 mRNA (from 2.75 to 3.2 h) after IR treatment ( Fig. 2D ). These data indicate that the steady-state level of BAX mRNA is increased following IR-induced HuR cleavage.
Next, to examine whether IR alters the association of HuR with target mRNAs, RNP immunoprecipitation (IP) was carried out with an anti-HuR antibody, followed by RT-qPCR analysis to detect HuR targets BAX, MDM2, BCL2L11, and BAG5 mRNAs. BAX is one of the known targets of HuR during IR treatment (22) , and BAG5 is an anti-apoptotic protein (32) containing AU-rich consensus sequences in the 3Ј-UTR of its mRNA (33) . In agreement with the relative expression levels of BAX and BAG5, we observed an ϳ2-fold enrichment of HuRbound BAX ( Fig. 2E ) in IR-treated cells compared with both unbound IgG beads and untreated cells. Surprisingly, MDM2, BCL2L11, and BAG5 did not exhibit significant association with HuR in either treated or untreated cells ( Fig. 2E ). Thus, IR induces HuR to preferentially associate with BAX and acts as a factor for its stability. Collectively, these data support our hypothesis that IR induces HuR cleavage and concurrently overexpresses BAX mRNA in HOK cells.
HuR-CP1 Directly Associates with and Increases the Stability of BAX mRNA-First, to examine whether the overexpression of HuR isoforms does play a role in mRNA binding and stability, we transfected HOK cells with GFP, GFP-HuR-FL, GFP-HuR-CP1, and GFP-HuR-D226A (in which the cleavage amino acid aspartate 226 was mutated to alanine) and studied their cleavage patterns under irradiation. IR induces cleavage of GFP-HuR-FL and failed to induce cleavage of GFP-HuR-D226A compared with control cells (Fig. 3A) . We did not see cleavage of cellular HuR partly because of strong expression of exogenous proteins masking the effect of radiation to the endogenous proteins. To determine whether the cleavable and noncleavable isoforms of HuR associated with BAX and BAG5 mRNAs, we expressed GFP, GFP-HuR-FL, GFP-HuR-CP1, and GFP-HuR-D226A in oral keratinocytes (Fig. 3A) and performed RNP IP using an anti-GFP antibody followed by RT-qPCR analysis. After IR treatment, HuR-CP1 is associated significantly with BAX (p Ͻ 0.01) in comparison with HuR-D226A (p Ͻ 0.05) and GFP (Fig. 3B ). This suggests that HuR-CP1 is more selectively associated with BAX and possibly promotes cell death after IR treatment. No significant changes were observed in the association of BAG5 with GFP, GFP-HuR-FL, and GFP-HuR-D226A; however, it exhibited little association with HuR-CP1. These data suggest that HuR-CP1 may exhibit greater RNA binding capacity than its native full-length form. Next, to validate the changes we observed in the association of BAX and BAG5 mRNAs with HuR isoforms, we estimated the steady-state levels of BAX and BAG5 in cells transfected with GFP, GFP-HuR-CP1, or GFP-D226A. Overexpression of HuR-CP1 resulted in an increase in the t1 ⁄ 2 of BAX mRNA (Fig. 3C ) compared with GFP and GFP-D226A mRNA. However, we did not observe substantial changes in BAG5 mRNA stability with HuR isoforms ( Fig. 3C ). Together, these findings demonstrate that IRinduced HuR associates with BAX, leading to increased mRNA stability. To further understand whether the rate of apoptosis is influenced by HuR isoforms, we measured apoptosis in HOK cells after IR. An increased rate of apoptosis was observed in GFP-HuR-CP1 cells (34.2%) compared with HuR-FL and HuR-D226A (12.3 and 10.6%, respectively) ( Fig. 3D) . These data suggest that the overexpression of HuR-FL and HuR-D226A blocks apoptosis following IR treatment. The impact of the expression of HuR isoforms in primary oral keratinocytes cells is quite remarkable. Previously, we have shown that cell survival was increased during hypoxia upon treating oral cancer UM74B cells with HuR-D226A (23) . In this study, using the same model, we irradiated HOK cells and studied colony size and colony forming efficiency. HuR-D226A-expressing cells significantly enhanced the colony size of HOKs compared with GFP and GFP-HuR-CP1 cells, and this increment is maintained after irradiation (Fig. 3E) . Along with the increase in colony size, HuR-D226A increased the colony forming efficiency of control and irradiated HOK cells (Fig. 3E, right panel) . These findings indicate that HuR-D226A increases survival rate and blocks cell death after irradiation in HOK cells. This effect may be due to the decreased expression of BAX under irradiation caused by the decreased steady-state level of BAX, as shown above. Collectively, our data suggest that HuR-CP1 promotes apoptosis, decreases cell survival, and promotes the stability of BAX after IR treatment.
Allosteric Inhibition of Caspase-3 Protects Primary Oral Keratinocytes from Cell Death after IR-A recent high throughput screening study identified four different compounds (NSC321205, NSC277584, NSC321206, and NSC310547) that exhibit allosteric inhibition of caspases such as caspase-3, -7, and -9 (25) . Based on kinetic, biochemical, and structural analyses, the authors concluded that all of the four compounds bind to the catalytic site of caspases-3, -7, and -9 and inhibit cytochrome c-mediated caspase activation. Hence, we wanted to test whether these compounds were able to block cellular apoptosis through the inhibition of caspase-3 and block the cleavage of HuR in primary oral keratinocytes after IR. The intrinsic apoptotic pathway was triggered by IR in HOK cells, and treatment with 10 M concentration of compound NSC321205 (named Comp-A) substantially reduced the activation of caspase-3 following IR (Fig. 4A) . Notably, inhibition of caspase-3 activity by Comp-A after irradiation has not only abolished HuR cleavage but also reduced the expression of BAX in HOK cells ( Fig. 4A ; right panel depicts the quantity of HuR-CP1 and BAX proteins). The percentage of annexin V and propidium iodide (PI) measured using flow cytometry confirmed the inhibition of IR-induced apoptosis by Comp-A in HOK cells (Fig. 4B) . These data suggest that Comp-A inhibits the activation of caspase-3 and subsequently reduces HuR cleavage and BAX expression after IR. We next tested whether Comp-A can modulate the distribution of HuR between the nucleus and cytoplasm of HOK cells after IR. The ability of HuR to alter the post-transcriptional mRNA stability mechanism is strictly dependent on its cytoplasmic distribution (34) . Although HuR localization has no role in caspase-3 inhibition, we wanted to test whether caspase-3 inhibition plays any role in the nuclear export of HuR. Before irradiation, HuR was localized to the nucleus, whereas within 2 h of IR treatment, HOK cells exported HuR to the cytoplasm (Fig. 4C) . When added to the culture medium during irradiation, Comp-A was able to block the nuclear export of HuR (Fig. 4C, bottom row) . This observation is very interesting because we believe that complete inhibition of caspases may have a role in cell survival, which might influence the distribution of HuR. To confirm that Comp-A was able to block the IR-induced export of HuR in these cells, we treated the cells with a known caspase inhibitor, z-VAD, and observed HuR translocation by immunofluorescence microscopy. Under untreated conditions, HuR was predominantly localized in the nucleus, whereas after treatment with IR, it was exported to the cytoplasm (Fig. 4D ). However, in z-VADtreated cells, HuR was retained in the nucleus compared with irradiated cells (Fig. 4C, bottom row) . These data suggest that inhibiting the activity of caspases might influence the distribution of HuR between nucleus and cytoplasm. Considering the remarkable effect of Comp-A in HOK cells, we next asked whether blocking HuR cleavage could influence the expression and steady-state level of BAX mRNA. We observed increased BAX mRNA expression and no significant change in Comp-Atreated HOK cells following IR when compared with untreated cells (Fig. 4E) . To confirm the changes in BAX mRNA levels, we examined the half-life (t1 ⁄ 2 ) of the BAX mRNA after IR. In untreated and Comp-A-incubated HOK cells, the t1 ⁄ 2 of BAX mRNA was 2.6 and 2.72 h, respectively, whereas in IR-treated HOK cells, the t1 ⁄ 2 increased to more than 4 h (Fig. 4F) . The mRNA levels of the control, BAG5, did not significantly change with IR treatment (Fig. 4F) . These data indicate that IR increases the t1 ⁄ 2 of BAX mRNA, but Comp-A decreases the stability of BAX through the mechanism of caspase-3 inhibition and repression of HuR cleavage. Furthermore, a colony assay showed increased clonogenic efficiency of Comp-A-treated HOK cells after radiation compared with control radiated cells ( Fig. 4G ). Collectively, our data suggest that HuR cleavage-associated BAX expression is dependent on caspase-3 activity following the IR-induced apoptosis in HOK cells.
HuR Undergoes Cleavage Modifications in Experimental Oral Mucositis Animal Model-Oral mucositis closely follows the paradigm of an acute mucosal damage phase, characterized by inflammation, epithelial cell apoptosis, and ulcerative lesions, followed by a self-healing phase with the restoration of the mucosal epithelium and barrier function (2) . To determine whether HuR plays a role in oral mucositis in vivo, we developed an IR-induced oral mucositis animal model, as described previously (28) . Briefly, oral mucositis was induced in mice using five fractions of 8 Gy or a single dose of 22.5 Gy head-only irradiation. After 7 days, IR induced ulceration in tongue tissue (Fig.  5A) , and the percentage of ulceration was significantly higher (50 -60%) in IR-treated mice than in control animals ( Fig. 5A,  right panel) . This observation clearly demonstrates that IR induces ulceration in tongue tissues and that this ulceration is similar to that seen in clinical human oral mucositis, as described previously (28) . H&E staining revealed that little or no inflammation was observed in control tissues compared with the very strong inflammation, ulceration, and disintegrated epithelium that was observed in IR-treated tissues (Fig.  5B ). As shown in Fig. 5B , radiation caused extensive tongue mucosal injury as evidenced by reduced mucosal basal epithelial layer thickness compared with control. Immunohistochemistry analysis revealed the presence of nuclear HuR in the epithelial and stromal regions of both control and IR-treated animals, but enlarged nuclei, disintegrated epithelium, and cytoplasmic HuR were additionally observed in the IR-treated animal group (Fig. 5C, bottom panels) . This observation clearly indicates that HuR is exported from the nucleus in IR-treated cells and could be involved in post-transcriptional regulation. Previously, it has been shown that ultraviolet light (35) and other stresses (34) induce HuR translocation from nucleus to cytoplasm. Herein, we show that in vivo, HuR is exported to the cytoplasm in IR-induced oral mucositis. To determine whether HuR translocation is associated with cell death during radiation, we stained the tissues with terminal TUNEL and caspase-3 and performed immunofluorescence analysis. Activation of caspase-3 and TUNEL was observed in IR-treated mouse tissues, compared with control tissues (Fig. 5D ). Next, to determine whether IR promotes the cleavage of HuR in vivo, we tested the cleavage of HuR in oral mucositis tongue tissues. Western blotting analysis of tongue tissue sections revealed significant HuR cleavage in IR-treated animals (Fig. 5E ) compared with control animals. Interestingly, almost 50% of the fulllength HuR was cleaved in IR-treated animals (Fig. 5E, right  panel) . This observation clearly demonstrates that IR induces HuR cleavage in the experimental oral mucositis animal tongue tissues and agrees with our in vitro observation. Thus, our data suggest that irradiation-induced mucosal damage of the oral epithelium results in the export of HuR to the cytoplasm, concurrently triggering HuR cleavage and cell death. Finally, to test whether the cleavage of HuR is dependent on the activity of caspase-3 and influences BAX, we analyzed HuR the expression of HuR, caspase-3, and BAX in the tongue tissue extracts by Western blotting. Oral mucositis animal tissues showed HuR cleavage and active caspase-3, compared with control animals, which exhibit full-length HuR and no cleavage of caspase-3 (Fig. 5F ). As evidenced in vitro (Fig. 1C) , increased BAX expression is observed in IR-treated animals compared with control animals. This observation suggests that IR promotes cleavage of both caspase-3 and HuR and subsequently increases the expression of BAX in oral mucositis tissues.
Comp-A Protects Oral Mucosa from IR-induced Epithelial Cell Death in Mice-Because
Comp-A potentially inhibits caspase-3 in primary HOK cells, we next wanted to test the protective effect of Comp-A against IR-induced oral mucositis in animals. First, mice were pretreated with three times daily injections of Comp-A (10 -30 mg/kg) before irradiation, and then the tongue tissue was harvested after 7 days and examined for the extent of mucosal damage. As shown in Fig. 6A , radiation caused extensive tongue ulceration (ϳ60%), but Comp-A treatment protected the mice from mucosal ulceration. Likewise, Western blotting analysis showed that the administration of Comp-A abolished caspase-3 activation, subsequently pro-FIGURE 3. HuR-CP1 associates with and increases the stability of BAX mRNA and initiates apoptosis in comparison with noncleavable mutant HuR-D226A. A, HOK cells were transfected with the indicated plasmid vectors; IR treatment was applied, and after 2 h the cell extracts were analyzed by Western blotting using antibodies against HuR and ␤-actin. All cells were normalized based on GFP counts using flow cytometry for transfection efficiency. B, 48 h after transfection with a control plasmid (GFP) or plasmids overexpressing HuR-FL, HuR-D226A, and HuR-CP1, HOK cells were treated with IR and subjected to RNP IP using an anti-GFP antibody. The extracted RNA was subjected to RT-qPCR analysis to measure the relative quantities of BAX and BAG5 mRNA. GAPDH served as a loading control from the input lysates. C, the decay rates of BAX and BAG5 mRNAs in HOK cells transfected with the respective GFP-tagged HuR isoforms was assessed by RT-qPCR after treatment with IR followed by the transcription inhibitor actinomycin D. HOK cells were transfected with the indicated plasmids and treated with 16 Gy of IR. After 2 h, the cells were stained with annexin V-FITC and PI and analyzed by flow cytometry. The percentage of apoptotic cells after IR treatment was determined (left boxes), and the bar graph represents the number of apoptotic cells after treatment (right panel). E, representative culture dishes from clonogenic assays of cells transfected with indicated HuR isoforms after IR. The right panel depicts the colony forming efficiency from clonogenic assays of HOK cells. The data are presented as the means Ϯ S.D. from three independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.01 (n ϭ 3).
tected against HuR cleavage, and reduced BAX expression compared with untreated tongue tissues (Fig. 6, B and C; graphical representation of BAX expression in irradiated and Comp-Aϩ irradiated mice). These observations suggest that Comp-A blocks the cleavage of caspase-3 and HuR in vivo and controls the expression of BAX. Morphometric analyses of H&E-stained tongue sections were used to confirm the protective effect of Comp-A in oral mucositis in mice. Although radiation reduced the mucosal basal layer epithelial thickness in tongue compared with control, Comp-A treatment significantly increased basal layer epithelial thickness in tongue mucosa (Fig. 6D) . A similar protective effect of Comp-A was also seen in cheek mucosa in the oral cavity of irradiated mice (data not shown). Next, immunohistochemistry analysis of HuR before and after IR in the presence and/or absence of Comp-A revealed increased cellularity and epithelial expression of HuR in control and Comp-A-treated mice compared with IR-treated mice (Fig. 6E ). This observation clearly indi- cates that HuR plays a critical role in epithelial regeneration in its native form compared with the cleaved form. To further assess the anti-apoptotic effects of Comp-A during oral mucosal injury, we tested the expression of caspase-3 and performed the TUNEL assay in oral tongue tissues. Consistent with our in vitro results, we did not observe robust apoptotic activity differences between control and Comp-A-treated mice in the visible accumulation of caspase-3 in basal epithelial layers after radiation compared with IR-induced mucositis tissues (Fig. 6F ).
DISCUSSION
Collectively, these results demonstrate that the caspase inhibitor Comp-A might be a potent epithelial regenerative molecule and is an effective therapeutic agent in reducing irradiation-induced oral mucosal injury in mice. We document that HuR is cleaved in an oral mucositis mouse model and promote the expression of BAX to facilitate cell death. Interestingly, allosteric inhibition of caspase-3 by Comp-A prevents HuR cleavage and reduces BAX expression. Because HuR cleavage is an important molecular event during radiotherapy, it could play a key role in post-transcriptional gene regulation and promote oral mucositis.
Detailed biochemical and molecular studies on the mechanisms of HuR modulation in cancer cells have emerged in recent years. However, exactly how HuR activation is regulated in various primary cells remains largely unexplored. This is particularly important because both cancer cells and normal cells may modify their apoptotic threshold to function in, and adapt to, different physiological conditions. Typically, HuR is activated by various physiological insults and itself undergoes posttranslational modification, thereby altering gene expression patterns (16) . For example, HuR plays a key role in modulating apoptosis by controlling the stability of mRNAs that encode proteins involved in survival or in the cell death pathway (36) . We and others have previously demonstrated that in cells responding to lethal stress, HuR is exported to the cytoplasm and is cleaved in a caspase-dependent manner, yielding two cleavage products (HuR-CP1 and HuR-CP2) (23, 26) . Recently, HuR is known to shift its physiological function from survival to cell death by caspase-mediated apoptosis in response to lethal stress by targeting mRNAs that encode apoptotic proteins such as caspase-9 (24) . Although the cleavage products of HuR are known, the physiological significance of the cleavage products are moderately established and shown to regulate muscle devel- opment (37) . Herein, our data strengthen the model that HuR is exported to the cytoplasm after IR (Fig. 1B) and generate HuR-CPs to subsequently promote cell death in oral mucositis. Furthermore, HuR-CPs triggers apoptosis in the absence of lethal stress, in which no engagement of apoptosis or HuR cleavage occurs (26) . However, a noncleavable mutant of HuR (HuR-D226A) failed to rescue apoptosis in cells depleted of cellular HuR and acted as a dominant negative factor (23, 26) . The difference between the effect of noncleavable and cleaved HuR on the cell death pathway is quite remarkable. We observed that HuR-CP1 promotes apoptosis, whereas noncleavable HuR blocks apoptosis (Fig. 3E ). Under chronic hypoxic conditions, HuR undergoes cleavage via caspase-3 in oral cancer cells of epithelial origin, which are obtained from the base of the tongue tissue (23) . Here, our results show that the process of HuR cleavage is different in normal oral keratinocytes, where it undergoes cleavage in a rapid manner compared with oral cancer cells (Fig. 1A) . This effect may be due to the rapid constitutive activation of apoptosis in oral keratinocytes, whereas oral cancer cells are uncoupled from rapid apoptotic pathways under stress stimuli. The full repertoire of HuR expression and its altered mRNAs is unknown in HOK cells, but BAX mRNA, a known target of HuR, is overexpressed, stabilized, and associated with HuR after radiation.
HuR was known to be a central player in regulating gene expression patterns and cell survival in response to IR via the novel mechanism of binding mRNA targets through the check point kinase Chk2, a kinase that phosphorylates HuR (22) . The phosphorylation of HuR is one of the critical molecular functions that dictate the association and dissociation of the mRNA-protein complex. In human HCT116 colorectal carcinoma cells, IR activated Chk2, triggered the dissociation of the HuR: mRNA complex, and altered the expression of its target mRNAs (22) . On the other hand, in Chk2-null (CHK2 Ϫ/Ϫ ) HCT116 cells, IR did not cause the dissociation of the HuR: mRNA complex. Thus, IR can influence the HuR-mediated mRNA turnover pathway through the Chk2 signaling pathway. Contrary to this observation, our results herein demonstrated that IR activated HuR cleavage in normal HOK cells, triggered the association of HuR-CP1: mRNA complex, and altered the expression of BAX mRNA. On the other hand, our data support the previous model that BAX mRNA showed less association between full-length and noncleavable HuR. Because Chk2 expression is cell-specific, the differential effect of mRNA stability by HuR may be dependent on the cell type. Our cells did not express Chk2 proteins either in the presence or absence of IR (data not shown). Hence, IR-induced alterations in the Chk2 pathway of normal cells call for further investigations. However, our model indicates that normal HOK cells exhibit intrinsic apoptotic signals that could play a key role in HuR cleavage during stress conditions. As evidenced in Fig. 1 , cancer cells require 12 h to cleave HuR, whereas normal cells undergo HuR cleavage within 15 min, clearly demonstrating that export and cleavage are solely dependent on cell type. Because apoptosis is indispensable for the promotion of HuR as a pro-apoptotic factor, HuR-CP1 acts as cell death modulator and not a bona fide pro-survival factor (24).
Using HuR-CPs and noncleavable proteins as modulators of the cell death pathway in a clinically relevant oral mucositis model is potentially risky because of the following points. First, HuR-CP1 is potentially known to exacerbate cell death; hence, introducing this protein into the oral mucositis model will not be beneficial. Second, using a noncleavable HuR-D226A mutant in a mucositis model presents the potential risk of promoting cancer cell growth, because HuR-D226A is known to enhance cell survival and block cell death (23) . Thus, we avoided using the overexpression of HuR isoforms in the mucositis model and instead decided to block cell death and study HuR function in mucosal damage. We have extended our in vitro observations and have shown that radiation stimulates epithelial injury in the oral mucosa of the mice via augmentation of caspase-3, thereby amplifying the cleavage of HuR and BAX. The inhibition of caspase-3 by Comp-A promotes physiological regeneration in radiation-induced oral mucositis and restores the damaged oral mucosa. Our work establishes oral mucositis as a model for HuR-dependent apoptosis, providing a powerful tool for identifying novel regulators of IR-induced, HuR-dependent apoptosis, which is clinically relevant.
Oral mucositis closely follows the paradigm of an acute mucosal damage phase characterized by inflammation, epithelial cell apoptosis, and ulcerative lesions, followed by a selfhealing phase with restoration of mucosal epithelium and barrier function (3) . We thus assessed the effect of Comp-A in reducing epithelial cell apoptosis in both HOK cells and oral mucositis in irradiated mice ( Figs. 4 and 6 ). Our observation revealed that Comp-A specifically inhibits active caspase-3 in irradiated HOK cells and is effective in the injury phase of oral mucositis in mice by increasing the basal layer of the epithelial cell density in tongue. In addition, Comp-A treatment is also effective in reducing ulcerative lesions in mice receiving headonly radiation. Therefore, the use of Comp-A appears to be effective during the injury phase of experimental oral mucositis in mice. The integrity of the oral epithelium is highly dependent on self-renewing stem cells, which are highly vulnerable to chemo-or radiotherapy (2) . Recent studies illustrate that rapamycin, an inhibitor of mammalian target of rapamycin (mTOR), increases the clonogenic capacity of primary human oral keratinocytes and their resident self-renewing cells by preventing stem cell senescence in an oral mucositis model (38) . This protective effect of rapamycin is mediated by an increase in the expression of mitochondrial superoxide dismutase (MnSOD) and by the consequent inhibition of ROS formation and oxidative stress that ultimately prevents the loss of basal epithelial stem cells upon radiation therapy. Moreover, irradiation increases the mRNA levels of the MnSOD transcript in normal cells through the 3Ј-UTR, which contains canonical ARE sequences (39) . Conversely, the MnSOD mRNA is also known to be a target of HuR and is expressed at very low levels during senescence (40) . Also, reduced HuR expression emphasized the senescent phenotype, whereas overexpression of HuR restored the phenotype (40) . Collectively, these studies highlight a critical role for HuR during the process of replicative senescence; in particular, cell senescence is a key factor in oral mucositis development (38) . We speculate that HuR could alter the expression of MnSOD through association or dissociation with its 3Ј-UTR following radiation, but this and other possibilities regarding MnSOD mRNA warrant further investigation.
It is very important to prevent oral mucositis by blocking apoptosis and dampened keratinocyte proliferation during radiotherapy. Several drugs have been shown to be effective against oral mucositis and initiate keratinocyte proliferation. Palifermin is a mitogen that promotes keratinocyte proliferation (41) , but the proliferative and anti-apoptotic effect of Smad7 was recently shown to be more effective than palifermin (42) . Moreover, the overexpression of Smad7 in oral epithelial tissues blocks apoptosis through the activation of Rac1 and mediates keratinocyte migration and wound closure in oral mucositis. Hence, blocking epithelial basal layer apoptosis after IR is critical in the regeneration of epithelial tissues. To block apoptosis in the oral epithelial basal layer, we established a caspase inhibitor Comp-A, known to be a reversible inhibitor that binds to the dimerization interface of caspases (25) . Comp-A, which has been shown to inhibit apoptosis induced by multiple stimuli in several cell types, also inhibits caspase-1mediated interleukin generation in macrophages (25) . Our study suggests that Comp-A increases the clonogenic capacity of primary human oral keratinocytes after radiation. Considering the remarkable effects of Comp-A in vitro, it was effective at limiting the loss of the basal epithelial layer in mice, thereby enhancing tissue regeneration and preventing the appearance of ulcers. Hence, establishing the therapeutic potential of Comp-A in vivo is a promising approach to alleviate oral mucositis.
